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Ca3Ir4Sn13: A weakly correlated nodeless superconductor
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We report detailed Seebeck coefficient, Hall resistivity as well as specific heat measurement on
Ca3Ir4Sn13 single crystals. The Seebeck coefficient exhibits a peak corresponding to the anomaly
in resistivity at T ∗, and the carrier density is suppressed significantly below T ∗. This indicates
a significant Fermi surface reconstruction and the opening of the charge density wave gap at the
supperlattice transition. The magnetic field induced enhancement of the residual specific heat
coefficient γ(H) exhibits a nearly linear dependence on magnetic field, indicating a nodeless gap. In
the temperature range close to Tc the Seebeck coefficient can be described well by the diffusion model.
The zero-temperature extrapolated thermoelectric power is very small, implying large normalized
Fermi temperature. Consequently the ratio Tc
TF
is very small. Our results indicate that Ca3Ir4Sn13
is a weakly correlated nodeless superconductor.
PACS numbers: 74.25.F-,72.15.Jf,74.25.Bt
I. INTRODUCTION
Ca3Ir4Sn13, a prominent member of Remeika phases,
was found to exhibit superconducting transition with
Tc ∼ 7 K nearly thirty years ago.1,2 It regains recent at-
tention due to the possible coexistence of superconduc-
tivity and ferromagnetic spin-fluctuation as well as the
three-dimensional charge density wave (CDW) from the
supperlattice transition.3–5 The interaction between su-
perconductivity, spin and charge fluctuations has been a
central issue in the unconventional superconductivity.6,7
In conventional phonon-mediated superconductors spin-
fluctuations usually have negative effect on supercon-
ductivity, whereas they could be the source of the elec-
tron pairing in the vicinity of the quantum critical point
(QCP) where spin-fluctuation is enhanced significantly in
unconventional superconductors.6,8,9 It is expected that
the spin-fluctuation pairing mechanism results in an un-
conventional superconducting states. Examples include
d-wave gap in cuprates and heavy fermions superconduc-
tor CeCoIn5, and the p-wave gap in Sr2RuO4.
10–12
The peak-like anomalies in resistivity and susceptibil-
ity of Ca3Ir4Sn13 were attributed to the ferromagnetic
spin-fluctuation, and the thermodynamic measurements
suggested a strongly correlated system. Moreover, the
resistivity shows a non-Fermi-liquid behavior in the nor-
mal state. Fermi liquid emerges by the suppression of the
spin-fluctuation with increasing magnetic field.3 How-
ever, single crystal x-ray diffraction shows that the re-
sistivity anomaly most likely corresponds to a temper-
ature driven structural transition at T ∗ from a simple
cubic phase to the supperlattice with the doubled lattice
parameters. This is related to the Fermi surface nest-
ing along the body diagonal direction and the three di-
mensional charge density wave (CDW) instability of the
conduction electron system.4
In this paper, we report detailed Seebeck coefficient,
Hall resistivity as well as specific heat measurement on
Ca3Ir4Sn13 single crystals. The Seebeck coefficient ex-
hibits a peak corresponding to the anomaly in resistivity
at T ∗, and the carrier density is suppressed significantly
below T ∗. This indicates a significant Fermi surface re-
construction and the opening of the charge density wave
gap at the supperlattice transition. The magnetic field
induced enhancement of the residual specific heat coeffi-
cient γ(H) exhibits nearly linear dependence on magnetic
field, indicating a nodeless gap. In the temperature range
close to Tc the Seebeck coefficient can be described well
by the diffusion model. The zero-temperature extrapo-
lated thermoelectric power is very small, implying large
normalized Fermi temperature. Consequently the ratio
Tc
TF
is very small. Our results indicate that Ca3Ir4Sn13
is a weakly correlated nodeless superconductor with no
significant contribution of spin fluctuations to electronic
system in the normal state.
II. EXPERIMENTAL
Single crystals of Ca3Ir4Sn13 were grown using a high-
temperature self-flux method.1,2 X-ray diffraction (XRD)
data were taken with Cu Kα (λ = 0.15418 nm) radiation
of Rigaku Miniflex powder diffractometer and the ele-
mental analysis was performed using an energy-dispersive
x-ray spectroscopy (EDX) in a JEOL JSM-6500 scanning
electron microscopy. Electrical transport measurements
were conducted in Quantum Design PPMS-9 with con-
ventional four-wire method and the contacts were made
directly to the crystal surface using silver epoxy. Ther-
mal transport properties were measured in Quantum De-
sign PPMS-9 from 2 K to 350 K using one-heater-two-
thermometer method. In electric and thermal transport
measurements, the magnetic field is always perpendicu-
lar to the heat/electrical current. The relative error in
our measurement was ∆κ
κ
∼5% and ∆S
S
∼5% based on
Ni standard measured under identical conditions. The
specific heat measurements were measured in PPMS-9
using relaxation method under ambient pressure. Mag-
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FIG. 1. (Color online) (a) Powder XRD patterns and struc-
tural refinement results. (b) Magnetic susceptibility 4piχ for
single crystal around superconducting transition temperature
Tc = 7 K in 100 Oe field. Inset in (b) shows the crystal crystal
structure of Ca3Ir4Sn13.
netic measurement were performed in a Quantum Design
MPMS-5.
III. RESULTS AND DISCUSSIONS
Fig. 1(a) shows the powder XRD pattern at the room
temperature of flux grown Ca3Ir4Sn13 crystals, which was
fitted by RIETICA software.13 All reflections can be in-
dexed in the Pm3¯n space group (inset of Fig. 1(b)) and
the refined lattice parameters are a = b = c = 9.708(6) A˚,
which confirm the high quality single crystal and the ab-
sence of impurities of our samples.1 Fig. 1(b) shows the
magnetic susceptibility 4πχ for single crystal below 20
K. The sharp drop in 4πχ around 7 K demonstrates the
superconducting transition which is consistent with pre-
vious report.1,3 The superconducting volume ratio ap-
proaches 90% which also confirms the high quality of our
crystals.
Temperature dependence of the electrical resistivity
ρ(T ), Seebeck coefficient S(T ) and magnetization M(T )
in whole temperature range and different magnetic fields
for Ca3Ir4Sn13 single crystal is shown in Fig. 2. The re-
sistivity ρ(T ) (Fig. 2(a)) is metallic behavior above∼ 7 K
and exhibits a distinct anomaly at T ∗ ∼ 35 K (as shown
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FIG. 2. (Color online) (a) Temperature dependence of the
resistivity ρ(T ) (a), Seebeck coefficient S(T ) (b) and mag-
netization M(T ) (c) for Ca3Ir4Sn13 single crystal in differ-
ent magnetic fields respectively. Insets in (c) shows the
magnetization-magnetic field curve at 8 K.
by the dashed blue line in Fig. 2). It enters supercon-
ducting state at Tc ∼ 7.5 K (the dashed green line in Fig.
2). The value of Tc and T
∗ is consistent with our sus-
ceptibility measurement and previous reports.3 The See-
beck coefficient S(T ) (Fig. 2(b)) is positive in the whole
temperature range. With decreasing temperature, See-
beck coefficient decreases and shows a significant peak at
T ∗. S(T ) vanishes below Tc since Cooper pairs carry no
entropy.14 9 T external field totally suppresses the super-
conductivity and resisitivity/Seebeck coefficient becomes
nonzero.
The similar anomaly in ρ and S at T ∗ is also observed
in magnetization (Fig. 2(c)). However, in contrary to the
previous report where the magnetization measurement
shows weak magnetic signal and spin fluctuation,3 our
sample shows weak diamagnetic behavior in whole tem-
perature range except in superconducting region (Fig.
2(c)). The magnetization-field loop (inset in Fig. 2(c))
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FIG. 3. (Color online) Temperature dependence of the the
Hall coefficient RH (a), the carrier density n and mobility µH
for Ca3Ir4Sn13 crystal. Inset in (a) shows the Hall resistivity
ρxy at four different temperatures.
up to 5 T field at 8 K confirms the diamagnetic state.
Our results are consistent with the magnetic measure-
ments in Sr3Ir4Sn13 and argue against the signatures of
spin fluctuations.4
Fig. 3(a) shows the temperature dependence of the
Hall coefficient RH . RH is positive and consistent with
the positive Seebeck coefficient, indicating hole-type car-
riers. With decreasing temperature, RH and correspond-
ingly the carrier density n = 1
e|RH |
are nearly constant
above ∼ 40 K (Fig. 3(b)). But RH increases signifi-
cantly and consequently the carrier density is strongly
suppressed below T ∗. The Hall mobility µH = RH/ρ
also shows a sharp increase at T ∗ with decreasing tem-
perature (Fig. 3(b)).
The resistivity anomaly at T ∗ ∼ 35 K of Ca3Ir4Sn13
was considered be from the ferromagnetic spin fluctua-
tion since a negative magnetoresistance is observed which
could be attributed to the suppression of the spin fluc-
tuation by magnetic fields. The resistivity in the nor-
mal state shows non-Fermi-liquid behavior possibly due
to the scattering related to the same spin fluctuation
mechanism.3 However, the detailed single crystal XRD
shows that (Sr/Ca)3Ir4Sn13 undergoes a temperature
driven structural transition at T ∗ from a simple cubic
phase to the supperlattice variant which has a doubled
lattice parameter when compared to the high temper-
ature phase. This transition is possibly related to the
CDW instability of the conduction electron system due
to the Fermi surface nesting along the body diagonal.4
The CDW instability will induce the Fermi sur-
face reconstruction and open the CDW gap. This
always induces significant anomaly in Seebeck coeffi-
cient S since it is directly related to the derivative
of the density of states at Fermi level. For exam-
ple, TiSe2 at the CDW transition,
16, cuprates (such
as YBa2Cu3O6.67)
17,18 and iron-based superconductors
(such as BaFe2As2 and SmFeAsO0.85)
19–21 at the spin
density wave transition, exhibit distinct anomaly in See-
beck coefficient attributed to the corresponding Fermi
surface reconstruction. The anomaly in Seebeck coeffi-
cient at T ∗ in Ca3Ir4Sn13 reflects the Fermi surface re-
construction and the suppression of carrier density below
T ∗.
Alternative explanation for the peak in S is the spin
entropy due to the spin fluctuation such as the Seebeck
coefficient in NaxCoO2.
22 However, our crystal shows
diamagnetic behavior in whole temperature range. Be-
sides, the magnetic field has no significant influence on
the Seebeck coefficient in low temperature range (except
for temperature range below Tc where the magnetic fields
destroy the superconductivity and enhance the Seebeck
coefficient as shown in Fig. 2(b), and also does not
change the peak position in Seebeck coefficient. Our mea-
surements reveals a small increase in Seebeck coefficient
in magnetic field and high temperature range (around
10%). This is also opposite to the negative magnetother-
mopower effect observed in NaxCoO2 since the magnetic
field will suppress the spin fluctuation.22 These results
rule out the spin fluctuation in our crystals. Besides
these, the suppression of carrier density shown by Hall
resistivity measurement also implies the opening of the
gap at T ∗. Base on these discussion, the peak in Seebeck
coefficient, resistivity and magnetization should originate
from the CDW transition at T ∗.
Fig. 4(a) shows the heat capacity of Ca3Ir4Sn14 near
superconducting transition whereas Fig. 4(b) shows the
difference between the specific heat between 0 T and 9
T. Corresponding to the superconducting transition, the
heat capacity Cp(T ) shows a jump at Tc, but there is
no heat capacity anomaly at T ∗. Superconducting tran-
sition is suppressed in 9 T magnetic field. The height
of the specific heat anomaly ∆Cp/T |Tc near Tc is esti-
mated to be 124± 1 mJ/mol K2. The specific heat data
for the sample below superconducting transition temper-
ature in different magnetic fields are plotted as Cp/T
vs. T 2 in Fig. 4(c). All data could be fitted well by
Cp(T,H) = γ(H)T + βT
3 + ηT 5, where γ(H) is the
residual specific heat coefficient in the magnetic field and
βT 3 + ηT 5 is the phonon contribution. In the fitting it
was necessary to include anharmonic phonon term ∼ T 5,
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FIG. 4. (Color online) (a) Temperature dependence of the
specific heat Cp of Ca3Ir4Sn13 single crystal in 0 T (squares)
and 9 T (circles) respectively. (b) The difference in the specific
heat data between 0 T and 9 T, ∆Cp/T = Cp(H) − Cp(0).
The blue solid lines here are just to show determining the
height of the specific heat anomaly. (c) Low temperature
specific heat Cp/T vs T
2 in different magnetic fields up to 4
T Ca3Ir4Sn13 single crystal . The lines are the fitting results
below the superconducting transition temperature Tc using
Cp(T,H) = γ(H)T +βT
2+ηT 5. (d) Field dependence of the
Sommerfeld coefficient ∆γ(H) = γ(H)− γ(0) for crystal.
possibly due to the very small Debye temperature (fitting
of the specific data in 9 T field where superconductivity
is completely suppressed gives ΘD ∼ 150 K, as shown
in the inset of Fig. 4(c)).23 Magnetic field enhances the
residual specific heat coefficient γ progressively due to
the generation of the quasiparticle density of states (Fig.
4(c)). The magnetic field induced enhancement of γ(H),
∆γ(H) = γ(H) − γ(0), obtained from the fitting pro-
cedure above, is shown in Fig. 4(d). In superconduc-
tors with nodal gap, such as cuprates, ∆γ(H) exhibits
a square root field dependence, i.e. ∆γ(H) ∝ √H, and
the residual heat capacity term is large.24–28 However, in
Ca3Ir4Sn13, ∆γ(H) shows nearly linear field dependence
and the residual heat capacity term is very small. Lin-
ear dependence of heat capacity term was also observed
in nodeless superconductors such as KxFe2−ySe2,
23 and
points to the nodeless gap in Ca3Ir4Sn13.
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FIG. 5. (Color online) The temperature dependence of See-
beck coefficient divided by T , S/T under 0 T for Ca3Ir4Sn13
crystal. The open squares are the experimental data and the
solid line is the linear fitting result within normal phase. In-
set: Tc as a function of Fermi temperature TF in a few super-
conductors. The black circle and arrow shows the position of
Ca3Ir4Sn13. Adapted from Ref.[33,35].
Another important aspect of superconductivity in
Ca3Ir4Sn13 is the proper characterization of the elec-
tronic correlation strength in the normal state. See-
beck coefficient was used to characterize the correlation
strength in several superconductors, such as FeTe1−xSex,
cuprates and LuNi2B2C.
29–34 We now turn to Seebeck co-
efficient in the normal state. Diffusive Seebeck response
of a Fermi liquid is expected to be linear in T in the zero-
temperature limit, with a magnitude proportional to the
strength of electronic correlations. This is similar to the
T-linear electronic specific heat, Ce/T = γ. Both can be
linked to the Fermi temperature TF = ǫF /kB:
S/T = ±π
2
2
kB
e
1
TF
(1)
γ =
π2
3
kB
n
TF
(2)
where kB is Boltzmann’s constant, e is the electron
charge, ǫF is the Fermi energy and n is the carrier
density.15,35 Fig. 5 presents the temperature dependence
of Seebeck coefficient divided by T , S/T under 0 T for
Ca3Ir4Sn13 crystal. S/T in the normal state near Tc
is nearly linear and can be described well by diffusive
model. The zero-temperature extrapolated value of S/T
is ∼ 0.034(7) µV/K. We can therefore extract TF =
12,500 K.
The ratio of the superconducting transition tempera-
ture to the normalized Fermi temperature Tc
TF
character-
izes the correlation strength in superconductors.31,33,35,36
In unconventional superconductors, such as CeCoIn5,
YBa2Cu3O6.67 and iron-based superconductors,
31,33,35,36
this ratio is about 0.1 (the inset in Fig. 5), but it is only
5∼ 0.02 in BCS superconductors (such as LuNi2B2C) and
only around 0.005 in Nd.33,35,36 In Ca3Ir4Sn13 crystal,
this ratio Tc
TF
is only around 0.001 (as shown by the red
arrow and filled circle in the inset of Fig. 5). This implies
that electronic correlations in Ca3Ir4Sn13 are weak. This
is in contrast to what is commonly found in unconven-
tional superconductors near magnetic instability. This
gives an argument against unconventional pairing mech-
anism associated with spin fluctuations.3,8
The fitting of the specific heat data in 9 T field gives
the linear electron specific heat coefficient in normal state
γn = 39±3 mJ/mol K2 (inset of Fig. 3(a)), which is close
to the previous report.3 The absolute value of the dimen-
sionless ratio of Seebeck coefficient S/T to specific heat
term γn, q =
NAveS
Tγ
, with NAv the Avogadro number,
provides the carrier density. Calculation gives the car-
rier density with |q|−1 ≃ 11.8(8) carrier per unit cell,
which is consistent with the large Fermi surface by first
principle calculations.4 Taking into account that a su-
perlattice transition happens and the a lattice parame-
ter is doubled below T ∗, the calculated carrier density
n = |q|−1/Ω ∼ 6 × 1021 cm−3 (where Ω is the unit cell
volume), which is consistent with the Hall carrier density
in Fig. 3(b).
IV. CONCLUSION
We report detailed thermal, transport and thermo-
dynamic characterization of Ca3Ir4Sn13 single crystals.
The Seebeck coefficient exhibits an peak corresponding
to the anomaly in resistivity at T ∗, and the carrier den-
sity is suppressed significantly below T ∗. This indicates
a significant Fermi surface reconstruction and the open-
ing of the charge density wave gap at the supperlattice
transition. The magnetic field induced enhancement of
the residual specific heat coefficient γ(H) exhibits nearly
linear dependence on magnetic field, indicating a node-
less gap. In the temperature range close to Tc the See-
beck coefficient can be described well by diffusion model.
The zero-temperature extrapolated thermoelectric power
is very small, implying large normalized Fermi temper-
ature. Consequently the ratio Tc
TF
is very small. Our
results indicate that Ca3Ir4Sn13 is a weakly correlated
nodeless superconductor.
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